We report on an experiment performed with a home-made flat-plate solar collector, carried out together with high-school students. To explain the experimental results, we propose a model that describes the heating process of the solar collector. The model accounts quantitatively for the experimental data. We suggest that solar-energy topics should be included in school programmes to give students the opportunity to gain experience with solar energy and increase their awareness of the benefits that can be obtained from this remarkable and renewable energy source.
Introduction
Since prehistory, mankind has always recognized the Sun as a vital source of energy. As an example, figure 1 shows a picture of a 5000-yearold piece of pottery with an engraved image of the Sun. However, only in much more recent years did investigation on solar energy begin. In the eighteenth century, the Swiss physicist Horace de Saussure (1740-1799) studied how to exploit solar energy to warm a small container. He built a 'miniature greenhouse' made of wood with glass covers that was able to trap the energy coming from the Sun. He placed five glass boxes, stacked one inside the other, on a black wooden table. To improve thermal insulation, he placed a wooden box in the middle of an open-topped container and stuffed wool packing between the sides of the container and the walls of the box. In this way, the temperature in the hot box rose up to 110
• C [1] . Subsequently, other scientists studied the effects of solar energy and performed experiments with hot boxes; they demonstrated that temperatures exceeding the boiling point of water could be 1 Author to whom any correspondence should be addressed. reached in a glass-covered box under sunlight. The hot box became the prototype for the modern flatplate solar collectors, which can supply houses with hot water, heat and air conditioning.
The inclusion of solar-energy topics in school programmes could give students the possibility of gaining experience with energy-supply systems and could raise their awareness of the benefits that can be obtained in daily life by using this remarkable and renewable energy source. In this article, we report an experiment on a home-made flat-plate solar collector carried out together with high-school students, as part of the Italian National Project 'Lauree Scientifiche' [2] [3] [4] . Here, we propose a model to describe the heating process of the solar collector.
Experimental apparatus
To perform the experiment, we made a wooden box of dimensions 16 × 13.5 × 4.5 cm 3 having walls insulated by panels of expanded polystyrene about 2 cm thick (a recycled cardboard box would also be suitable for the purpose). On the bottom of the box we located a black-painted aluminium sheet about 0.5 mm thick and 15 × 12.5 cm 2 in area. The box was used without a cover and was covered by a plexiglass sheet about 1.5 mm thick. The temperature inside the box was measured by a PT100 temperature sensor (it gives R = 100 at T = 0
• C) located below the aluminium sheet. A draft of the box is shown in figure 2(a) ; the apparatus used for the indoor experiment is shown in figure 2(b) .
The experiment should be performed with solar insolation; however, this is not always possible during regular lessons at school. Therefore, for pedagogical reasons we suggest doing the experiment indoors using an incandescent lamp as the source of light. The collector was then exposed to the light emitted by a 60 W incandescent lamp and the temperature inside the box was recorded as a function of time. The experiment was performed at room temperature T 0 ≈ 20 • C with the box uncovered and subsequently with the box covered by the plexiglass sheet; typical results are shown in figure 3 . A temperature of about 36.5
• C was reached for the uncovered box and about 42
• C was attained when the plexiglass sheet covered the box.
Although the experiment takes about 20 min for each set of measurements, it is very convenient to use a data-logger system to automatically collect the values of temperature as a function of time. For this purpose, one can use the temperature sensor Go!Temp from Vernier 2 , which can be connected directly to a computer through the USB port; the Vernier company also provides the program Logger Lite that allows one to record and visualize the collected data.
Theoretical description
The Sun, through thermonuclear processes, generates thermal energy and electromagnetic (em) radiation with wavelength λ ranging from ultraviolet (λ 380 nm) to infrared (λ 700 nm); the visible region is for 380 nm λ 700 nm. Solar radiation received at the ground is substantially in the range of 300-2500 nm and its average intensity is about 1 kW m −2 , at sea level; about 460 W m −2 is provided by infrared radiation, 470 W m −2 by visible light and 70 W m −2 by ultraviolet radiation [5] . Fortunately, most of the harmful ultraviolet radiation is absorbed by the ozone layer in the stratosphere [6] .
Electric current heats the filament of a lamp up to temperatures high enough to make it incandescent and to emit em radiation. The important point to be stressed here is that the Sun and all the incandescent lamps emit light with a spectrum that very closely resembles that of a black body. For this reason, the emission spectrum of both the Sun and the incandescent lamp can be described by the law of black-body emission. This makes reasonable our suggestion to use an incandescent lamp when direct sunlight is not available.
The properties of the em radiation are most conveniently described by providing the spectrum of the radiation, i.e. its wavelength (or frequency) content. Both the emission of the Sun and an incandescent lamp are very well accounted for by a black-body spectrum (of course, at different temperatures). The power per unit of surface and per unit of wavelength R(λ) emitted by a black body is given by Planck's law [7] R(λ) = 2π hc
where T is the temperature in kelvin (K), λ the wavelength, c the speed of the light (c = 3 × The values of the peak wavelength λ max and of the peak of R max (T ) are given, respectively, by Wien's laws
and
For didactic purposes, we describe the em radiation in terms of photons, with zero (rest) mass and zero electric charge. The energy of the photon is E = hν = hc/λ, where ν is the frequency.
In figure 4 , we show the normalized spectrum of the solar radiation R(λ), calculated by considering the Sun as a black body at temperature T S = 5500 K, and the normalized spectrum of the emitted radiation of the inert-gas-filled incandescent lamp, calculated by considering the lamp as a black body at temperature T L = 2500 K (according to the manufacturer's data sheets). The choice to normalize the spectra is due to the fact that the values of R max for the Sun and for the lamp are very different.
When photons strike the opaque surface of a body, they are either absorbed or reflected. When absorbed, photons release their energy, which will be converted into thermal energy of the body. The rate of rise of the body temperature depends on its thermal capacity, the intensity of the incident radiation and the heat leakage towards the environment. If the ambient temperature does not differ appreciably from that of the collector, it can be assumed that the available energy is approximately equal to the energy of the incoming em radiation; therefore, one may suppose that the energy dQ a absorbed under a constant illumination, in the time interval dt, is given by
where α is the absorptance 3 ; I is the intensity of the radiation; A is the effective area perpendicular to the incident radiation (as shown in figure 5 , for a flat surface, the effective area A ⊥ is obtained by multiplying the area A of the illuminated section by cos ϕ, with ϕ the incidence angle of the em radiation); η is a coefficient of proportionality that takes into account the efficiency of the system. We can suppose that on increasing the temperature T of the box, heat starts flowing into the environment proportionally to the difference of temperature T − T 0 , where T 0 is the temperature of the environment; it contributes negatively to the heating process of the box. The emitted energy transfers to the environment following Newton's law of cooling, that is
3 The absorptance α of a material is the ratio of energy absorbed by the material to energy absorbed by a black body at the same temperature. It is a measure of a material's ability to absorb energy. A true black body would have α = 1 while any real object has α < 1. Generally, α depends on the frequency; however, here we shall not take into account this dependency.
where C is the thermal capacity of the body and τ a time constant characteristic of the dynamic system. The time constant τ depends mainly on the shape of the body, the nature of the cooling fluid (air or liquid), which transports heat from the hot body towards the environment, and in the case of large temperature variations it depends also on the temperature.
The total exchanged energy is obtained by summing equations (4) and (5) 
(6) By setting dQ = C dT , the equation for the time dependence of the temperature T becomes
with θ ≡ ηI A ⊥ τ α/C. This equation is readily solved:
integrating between t = 0 and t and between T = T 0 and T = T (t), we obtain
or
Calling T ∞ the temperature reached after a long time, the previous equation gives θ = T ∞ −T 0 and equation (10) results in
For large values of t, the temperature of the box reaches the limit temperature T ∞ ; this condition is attained when the heat flowing out of the box is equal to the heat coming from irradiation, and no further temperature increase takes place. For small values of t, the temperature increases linearly with time as
Continuous lines in figure 3 are the curves of temperature as a function of time obtained by equation (11) using the following parameters: T ∞ = 42
• C and τ = 200 s for the covered box; T ∞ = 36.5
• C and τ = 400 s for the uncovered box.
Discussion and conclusion
The measurements performed with covered and uncovered boxes show that the heating effects are more enhanced in the case of a covered box, because of the reduced convective hot-air streams, which transfer heat into the environment. The em radiation penetrates the plexiglass cover of the box and is absorbed by the aluminium black surface. In the process, the em energy coming from the Sun heats the box. The plexiglass cover allows radiation to pass through, thus heating the air inside the box, but it inhibits convective heat transfer towards the outside. However, some heat is still lost by conduction through the glass and the walls of the box. Although, plexiglass absorbs some infrared radiation [8] , we prefer to use this material instead of glass mainly for safety reasons. The black colour of the aluminium plate maximizes the absorption of visible and infrared light because it behaves like a black body with α 1.
Although the experiment does not allow us to determine exactly the amount of energy collected in the box (as internal energy), it shows the heating effect of the em radiation. We can roughly estimate the power transferred to the aluminium plate by multiplying the initial slope of the temperature-versus-time curve of figure 3 by the thermal capacity of the aluminium [9] . The thermal capacity is calculated from the mass of the plate (≈25 g) and the specific heat of aluminium (≈910 J (kg • C) −1 ). In our case, the slope at t = 0 of the temperature-versus-time curve of figure 3 for the closed box is about 0.083
• C s −1 . With these data, we obtain an absorbed power of about 2 W.
We have found that the main problem for obtaining high temperatures inside our solar collector is the thermal insulation of the walls of the box to prevent energy exchange with the environment. Of course, this is an important factor to be considered also in civil engineering and architecture. Cellulose and mineral wool are the traditional and cheap insulation materials; today, modern plastic foams are more and more often used. These materials can be used in different ways (walls, ceilings, floors, etc) and have different degrees of effectiveness. A discussion of the performances of these materials goes beyond the scope of this article; we refer the interested reader to specialized books on the subject [10] .
In conclusion, we have performed an experiment on a home-made flat-plate solar collector, carried out together with high-school students, aimed at exploiting solar energy to produce heat. We have proposed a model that describes the heating process of the solar collector. We would like to stress that although the model is valid when T is not much larger than T 0 it accounts quite well for the experimental data, within the experimental uncertainty. From a pedagogical point of view, this feature should not be overlooked; the feasibility of the experiment is rather simple and allows the teacher to show the importance of a quantitative description of the experiment. In fact, it is important to stress even in high school that an experiment can be fully understood only when a quantitative description is provided.
The mathematical model here discussed can also be used to explain other phenomena in nature, which behave in a similar fashion. For example, the motion of a falling body in a viscous medium under the action of the force of gravity. In this case, the velocity of the falling body plays the same role as the temperature of the lighted box, described by the time dependence of the temperature given by equation (11), which is a general solution for many dynamic systems.
Finally, we suggest that solar-energy topics should be included in school programmes to give students the chance to gain experience with solar energy and increase their awareness of the benefits that can be obtained from this remarkable and renewable energy source.
